We present an analysis of XMM-Newton X-ray data of WR 30a (WO+O), a close massive binary that harbours an oxygen-rich Wolf-Rayet star. Its spectrum is characterized by the presence of two well-separated broad peaks, or 'bumps', one peaking at energies between 1 and 2 keV and the other between 5 and 7 keV. A two-component model is required to match the observed spectrum. The higher energy spectral peak is considerably more absorbed and dominates the X-ray luminosity. For the currently accepted distance of 7.77 kpc, the X-ray luminosity of WR 30a is L X > 10 34 erg s −1 , making it one of the most X-ray luminous WR+O binary amongst those in the Galaxy with orbital periods less than ∼ 20 d. The X-ray spectrum can be acceptably fitted using either thermal or nonthermal models, so the X-ray production mechanism is yet unclear.
INTRODUCTION
Wolf-Rayet (WR) stars are massive stars that have powerful winds and are losing mass at high rates (Ṁ ∼ 10 −5 M⊙ yr −1 ; V wind = 1000 − 5000 km s −1 ). Based on their optical spectra, they are divided into three subtypes: nitrogenrich (WN), carbon-rich (WC), and oxygen-rich (WO). Their progenitors are massive stars with initial masses >25 M⊙ and most WR stars are thought to end their lives as supernovae (see Crowther 2007 for a review on the physical properties of WRs). The observed binary fraction in Galactic Wolf-Rayet stars is relatively high with about 40% being members of WR+O systems (van der Hucht 2001) .
WR stars were discovered to be X-ray sources by the Einstein Observatory (Seward et al. 1979 ). The first systematic survey of WRs showed that WR+O binaries are the brightest X-ray sources amongst them (Pollock 1987) . Their enhanced emission likely originates from the interaction region of the winds of the massive binary components (Prilutskii & Usov 1976; Cherepashchuk 1976) .
After the launch of the modern X-ray observatories Chandra and XMM-Newton, the number of WR stars with good quality X-ray spectra has increased considerably. Thus, some similarities and differences in the characteristics of their X-ray emission are now established.
Most WR stars are classified as either WC or WN subtypes and analysis of undispersed spectra of presumably single objects have revealed clear differences between WC and WN stars. All observations of putatively single WC stars so far have resulted in non-detections (Oskinova et al. 2003 ;
⋆ E-mail: szhekov@astro.bas.bg; stephen.skinner@colorado.edu. Skinner et al. 2006) . In contrast, WN stars without known companions are detected in X-rays and their spectra typically reveal an admixture of cool (kT < 1 keV) and hot (kT > 2 keV) plasma (Skinner et al. , 2012 . WO stars are much rarer. The only pointed X-ray observations of a presumably single Galactic WO star to date, WR 142, resulted in a detection (Oskinova et al. 2009; Sokal et al. 2010) . Interestingly, the Chandra detection of WR 142 showed an extremely hard and heavily-absorbed X-ray spectrum which could be fitted using either thermal or nonthermal models ).
On the other hand, the X-ray properties of massive WR+O binaries do not seem to have any strong dependence on the subtype of the WR component. Analyses of the Xray emission from both close and wide WR+O binaries give support to the idea that a substantial fraction of their Xray emission arises in colliding stellar wind (CSW) shocks, resulting from the interaction of the massive winds of the binary components (e.g., Skinner et al. 2001; Raassen et al. 2003; Schild et al. 2004; Pollock et al. 2005; Zhekov & Park 2010a, b; Zhekov et al. 2011 Zhekov et al. , 2014 Zhekov 2012) . But no WR+O binary with an oxygen-rich WR component has heretofore been detected in X-rays.
In this paper, we report the X-ray detection of the close WO+O binary system WR 30a. The paper is organized as follows. We summarize information on WR 30a in Section 2. In Section 3, we review the X-ray observations and data. In Section 4, we present results from analysis of the X-ray properties of WR 30a. In Section 5, we discuss our results, and we present our conclusions in Section 6. Figure 1 . Top row. The total-field high-energy (>10 keV) EPIC light curves of WR 30a. Middle row. The total field high-energy EPIC light curves of WR 30a after being filtered to remove high X-ray background. Bottom row. The filtered EPIC images of WR 30a in the 0.2-10 keV energy band. The source spectrum was extracted from within the central circle (radius of 30 ′′ ). The background spectrum was extracted from the surrounding annulus (outer radius of 60 ′′ ). The circled plus sign gives the optical position of WR 30a (SIMBAD). (Gosset et al. 2001) . The optical extinction toward WR 30a is Av = 4.26 mag (van der Hucht 2001; Av = 1.11 A V ) implying a foreground column density of NH = (6.33 − 8.52) × 10 21 cm −2 . The range corresponds to the conversion that is used: NH = (1.6 − 1.7) × 10 21 A V cm −2 (Vuong et al. 2003 , Getman et al. 2005 ; and NH = 2.22 × 10 21 A V cm −2 (Gorenstein 1975) . Similarly to other WO stars, WR 30a has a very fast stellar wind: V wind = 4500 km s −1 (Kingsburgh et al. 1995) . No radio data on WR 30a were found in the literature. Pollock et al. (1995) reported an X-ray non-detection in the 1 http://pacrowther.staff.shef.ac.uk/WRcat/index.php ROSAT PSPC Survey on Wolf-Rayet stars, likely due to the very short exposure time (260 s).
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OBSERVATIONS AND DATA REDUCTION
We searched the Chandra and XMM-Newton archives for data on WR 30a and found one X-ray data set. WR 30a was observed with XMM-Newton on 2010 January 25 (Observation ID 0606330101) with a nominal exposure of ∼ 60 ks. Our study is based on the data from the European Photon Imaging Camera (EPIC), which has one pn and two nearlyidentical MOS detectors 2 . We used the XMM-Newton sas 3 14.0.0 data analysis software for data reduction, following the procedures summarized below. First, the sas pipeline processing scripts emproc and epproc were executed to incorporate the most recent calibration files (as of 2015 January 27). The data were checked for high X-ray background following the instructions in the sas 2 See § 3.3 in the XMM-Newton Users Handbook, Issue 2.12, 2014 (ESA: XMM-Newton SOC) http://xmm.esac.esa.int/external/xmm_user_support/documentation/uhb 3 Science Analysis Software, http://xmm.esac.esa.int/sas documentation 4 , namely, by constructing total-field light curves at high energies: E > 10 keV for MOS1,2 and E in the 10 -12 keV range for pn. As seen from Fig. 1 , a high (and flaring) X-ray background was registered in the EPIC exposure, with the pn data being most affected. Nevertheless, we applied a background filtering procedure that allowed us to make use of some of the pn exposure and a substantial fraction of the MOS exposures.
We made use of the XMM-Newton Extended Source Analysis Software (xmm-esas) package 5 , which is now incorporated in sas. We created filtered event files using the esas commands mos-filter and pn-filter which minimize the contamination of the soft proton flaring in the EPIC data in a robust manner (for details see the xmm-esas Cookbook 6 ). As a check, we constructed the total-field filtered light curves at high energies ( Fig. 1 ) which provided confidence that the background had been reduced to an accepable level.
We then proceeded with the source and background spectral extraction from the pn and MOS1,2 filtered event files using the extraction regions shown in Fig. 1 . The sas procedures rmfgen and arfgen were used to generate the corresponding response matrix files and ancillary response files for each spectrum. The MOS spectrum used in our analysis is the sum of the spectra from the two MOS detectors. The extracted spectra (0.2 -10 keV) of WR 30a had ∼ 403 source counts (∼ 710 source+background counts) in the 24.1-ks pn effective exposure and ∼ 350 source counts (∼ 584 source+background counts) in the 37.2-ks MOS effective exposure (36.0 ks in MOS1 and 38.4 ks in MOS2).
Since the pn exposure was more heavily affected by high X-ray background, our analysis emphasized the MOS spectrum while the pn spectrum was used to check the consistency of the results. For the spectral analysis, we used version 12.8.2 of xspec (Arnaud 1996) . Also, we constructed the pn and MOS1,2 backgroundsubtracted light curves of WR 30a. Since the deleted highbackground time intervals were unevenly-spaced, the good time intervals (GTIs) in the filtered light curves were as well. There were 27 GTI segments as short as 120 s and as long as 6,540 s in MOS1; 38 GTI segments as short as 120 s and as long as 4,315 s in MOS; and 26 GTI segments as short as 15 s and as long as 7,080 s in pn. On a timescale less than 24-37 ks, the X-ray light curves were statistically consistent with a constant count rate. A constant count rate model gives a goodness-of-fit 0.98 using χ 2 fitting.
RESULTS
As apparent from Fig. 2 , the X-ray spectra are nearly featureless and are characterized by two broad peaks or 'bumps', one at lower energies (peaking between 1 and 2 keV) and another at higher energies (maximum emission between 5 and 7 keV). Other than a possible contribution from the Fe K complex near 6.67 keV, there are no bright spectral lines that would clearly indicate thermal emission. We thus explored both thermal (optically-thin plasma) and non-thermal (power-law) models in xspec.
For the thermal models, we adopted typical WO star abundances from van der Hucht et al. (1986) . The emission plasma components were subject to common X-ray absorption (model wabs in xspec) representative of the interstellar medium (ISM). Some additional absorption, as expected from the winds, was also required to acceptably fit the total spectrum. Typical WO star abundances were adopted for the wind absorption which was modeled using phabs model in xspec. Due to the rather low number of X-ray counts and absence of strong lines, all the abundances were kept fixed at their adopted values during fitting.
The one-component model subject only to ISM X-ray absorption did not provide a good fit to the observed MOS spectrum of WR 30a. The same was true for the twocomponent model when using the same ISM absorption for each component.
The two-component model with individual X-ray absorptions for each emission component gave a very good fit to the MOS spectrum. However, the best-fit plasmatemperature (or power-law index) values of the different emission components overlapped at the 1σ level. We thus adopted a common value for these parameters in the final model fits, which means that the spectral shape of the emission components was the same but the two components differed in their respective amounts of thermal plasma (or nonthermal emission) and in their X-ray absorptions. When exploring the cases with wind absorption, we kept the common ISM X-ray absorption fixed to the values that correspond to the optical extinction of WR 30a (Section 2). As an additional check of our global modelling, we fitted the MOS and pn spectra of WR 30a simultaneously by making use of the same models described above. Table 1 and Fig. 2 present the corresponding results from the fits to the XMM-Newton spectra of WR 30a. The fit results can be briefly summarized as follows. Both thermal and non-thermal models are successful in reproducing the X-ray spectrum. In the case of thermal models, a relatively hot plasma (kT > 2 keV) is required to be present in the X-ray emitting region. The first emission component in the models is subject to X-ray absorption that is in general consistent with the optical extinction toward WR 30a, while the second emission component is more heavily absorbed. If we adopt a common ISM absorption for both emission components, then only the second component requires some additional wind absorption (see Models B and D in Table 1 ). For illustration of the results from the model fits with a common ISM absorption, we show only the case with the upper limit for the range of values that correspond to the optical extinction (Section 2). We note that if the lower limit for the ISM absorption was used, then the derived model parameters were within their respective 1σ confidence intervals.
The X-ray luminosity of WR 30a , LX > 10 34 erg s −1 , is quite high when compared to other WR stars in the Galaxy. The more heavily absorbed component responsible for the observed emission in the 5 -7 keV range dominates the total luminosity in the 0.5-10 keV energy band. Note. Results from fits to the EPIC spectra of WR 30a. The labels MOS and MOS+pn denote which spectra were fitted. The xspec models are: wabs * apec + wabs * apec (Model A); wabs * (phabs * apec + phabs * apec) (Model B); wabs * powerlaw+ wabs * powerlaw (Model C); wabs * (phabs * powerlaw + phabs * powerlaw) (Model D). Note that both model components have the same spectral shape (see text for details). Tabulated quantities are the neutral hydrogen absorption column density (N H ), helium absorption column density (N He ) for the 'wind' components, plasma temperature (kT), emission measure (EM = nen He dV ), photon power-law index (Γpow), power-law model normalization (normpow), the observed X-ray flux (F X ) in the 0.5 -10 keV range followed in parentheses by the unabsorbed value and the X-ray luminosity (L X ). Figure 2. The background-subtracted EPIC spectra of WR 30a overlaid with some best-fitting models (Table 1 ). In the case of simultaneous fit to the MOS and pn spectra, the latter is plotted in red. For presentation purposes, the spectra were slightly re-binned with respect to the original binning of 20 counts per bin used in the fits. The model components are shown in blue and green colour.
DISCUSSION
Some of the results from the X-ray spectral fits may be affected by the fact that there are relatively few counts in the XMM-Newton spectra (Section 3). Nevertheless, the following physical picture emerges. There is likely some distribution of thermal X-ray plasma (or non-thermal emission) with similar plasma characteristics and this X-ray emission region is only partially absorbed. Alternatively, there may be two different X-ray sources with about the same plasma characteristics but one of them is more heavily absorbed. If the absorption is due to the stellar wind, that source must be located closer to the WO star while the other less-absorbed source is further from the star and is not subject to significant wind absorption. If the X-rays from WR 30a are from CSW shocks in the WR+O binary, we expect a temperature-stratified interaction region. Thus, the derived values of the plasma temperature in our fits represent a mean temperature for the shocked plasma. For the case of typical WO abundances, the postshock plasma temperature is kT = 3.36 V 2 1000 keV, where V1000 is the shock velocity in units of 1000 km s −1 . Given the stellar wind velocity of 4500 km s −1 (Section 2), high temperatures at kT > 2 keV are realistic for shocks in WO plasmas. Very high shock temperatures could be achieved even if the winds have not reached their terminal velocities before colliding, which could be the case in this close WO+O binary (orbital period of 4.619 d; Section 2).
Even though the high plasma temperatures (kT > 2 keV) determined from spectral fits could be taken as evidence for colliding stellar winds, it is worth keeping in mind that such high temperatures have also been detected in presumably single WN stars (Skinner et al. , 2012 and in very close binaries like WR 46 (see Gosset et al. 2011; Zhekov 2012 ) and WR 155 (CQ Cep; see Skinner et al. 2015) . So, CSWs may not be the only mechanism producing very hot plasma in WR stars.
However, as already noted, the spectral fits of WR 30a cannot clearly distinguish between thermal and nonthermal models. This ambiguity is due in part to the low number of spectral counts and higher signal-to-noise spectra capable of determining whether weak emission lines are present will be needed to discriminate between thermal and nonthermal emission. A similar ambiguity was found for the presumably single WO star WR 142 whose X-ray emission is even fainter and shows no strong lines . WR 30a and WR 142 also reveal other similarities, e.g. both have a hard heavily-absorbed spectral component. A notable difference is that the X-ray luminosity of WR 142 is less than 1% of that of WR 30a. The binary nature of WR 30a may be largely responsible for this, but distance uncertainties could also contribute.
The X-ray luminosity of WR 30a (LX > 10 34 erg s −1 , Table 1 ) may be the highest amongst the close WR+O binaries (orbital periods less than ∼ 20 d) in the Galaxy studied so far (e.g., see Zhekov 2012; Skinner et al. 2015; Nazé et al. 2008) , provided the adopted distance of 7.77 kpc is not significantly overestimated. The high X-ray luminosity must be accommodated by any plausible theoretical emission models.
We note that other close WR binaries with very high Xray luminosities may exist in the Galaxy. Gagné et al. (2012) have compiled a list of possi-ble detections of colliding wind binaries with Chandra , XMM-Newton and ROSAT. High X-ray luminosity candidates are WR28, WR29, WR43a, WR43c and WR101k. However, caution is needed when considering the available data on these objects. For example, WR43a and WR43c are located in the core of the Galactic starburst region NGC 3603 and thus cannot be spatially resolved in X-rays (that is their X-ray spectra are contaminated by the near-by sources). Similarly, WR101k cannot be resolved since it is in the centre of the Galaxy only 1.8 ′′ from Sgr A (SIMBAD). The data on WR28 and WR29 are from ROSAT observations and only upper limits can be derived on their observed fluxes. Nevertheless, these close WR binaries which may have extremely high X-ray luminosities deserve more attention and in-depth X-ray studies.
Finally, a distinguishing feature of WR 30a is its unusual spectral shape with two broad separated peaks. After examining the X-ray spectra of other WR stars we were able to identify another object with a similarly shaped spectrum, the close WR+O binary WR 79.
Comparison with WR 79
WR 79 is a WC+O binary with an orbital period of 8.28 d at a distance of 1.99 kpc (van der Hucht 2001). Figure 3 compares its Chandra X-ray spectrum with that of WR 30a and WR 142. We note that WR 79 was also observed by XMMNewton but its spectrum is contaminated by two nearby sources within 7 ′′ -8 ′′ that are seen in the higher spatial resolution Chandra image (for details, see Appendix A in Zhekov 2012).
Two broad peaks are present in both WR 79 and WR 30a, but only the higher energy peak is present in the apparently single WO star WR 142. No prominent spectral lines are seen with the possible exception of Fe emission in the 6-7 keV range in WR 79 and a hint of the same in WR 30a. But faint emission lines could be missed since the number of counts in all three spectra is quite limited, with only ∼ 380 source counts in WR 79 (Zhekov 2012) and ∼46 counts in WR 142 .
The X-ray spectrum of WR 79 was well matched by a two-component optically-thin plasma model with individual wind absorptions (see Table 3 and Fig. 1 in Zhekov 2012) . As the global fits showed, the second model component due to hot plasma with kT > 2 keV is subject to much higher wind absorption, which is also the case with WR 30a. And the more absorbed component, whose emission produces the broad peak between 4 and 7 keV in the spectrum, dominates the total luminosity in the 0.5-10 keV energy range. We did this estimate by making use of exactly the same spectral data (no re-processing) and models as in Zhekov (2012) . Despite these similarities, there is an interesting difference: the X-ray luminosity of WR 79 is less than WR 30a by approximately one order of magnitude.
CONCLUSIONS
In this work, we presented and analyzed archival XMMNewton data of WR 30a which provide the first X-ray spectra of this WR+O binary that harbours a rare oxygen-rich Wolf-Rayet star. The main results and conclusions are as follows.
(i) The X-ray spectrum of WR 30a shows no strong spectral lines, although some Fe emission between 6 -7 keV may be present and other weak lines may have been missed due to the low number of source counts in the spectrum. The spectrum can be acceptably fitted by either thermal or nonthermal emission models.
(ii) The most distinguishing feature in the WR 30a spectrum is the presence of two broad but well-separated peaks, one peaking at energies between 1 and 2 keV and the other between 5 and 7 keV. A two-component model is required to match the observed spectrum. The spectral component seen in the higher energy peak is considerably more absorbed and dominates the intrinsic X-ray luminosity in the 0.5-10 keV range.
(iii) For the currently accepted distance of 7.77 kpc, the X-ray luminosity of WR 30a is LX > 10 34 erg s −1 , making it the most X-ray luminous object amongst the close WR+O binaries (orbital periods less than ∼ 20 d) in the Galaxy studied so far.
(iv) On the basis of the double-peaked spectral shape and other X-ray characteristics, we have identified two WR binaries that are quite similar: WR 30a and WR 79 (WC+O).
(v) Future observations of both single and binary WO stars are needed to obtain higher signal-to-noise X-ray spectra capable of determining if faint emission lines are present and thereby distinguishing between thermal and nonthermal emission processes.
